Abstract The aim of this study was to assess the effect of vegetarian diet on iron metabolism parameters paying special attention to serum hepcidin and soluble transferrin receptor (sTfR) concentrations in 43 prepubertal children (age range 4.5-9.0 years) on vegetarian and in 46 children on omnivorous diets. There were no significant differences according to age, weight, height, and body mass index (BMI) between vegetarian and omnivorous children. Vegetarians had similar intake of iron and vitamin B 12 and a significantly higher intake of vitamin C (p < 0.05) compared with non-vegetarians. Hematologic parameters and serum iron concentrations were within the reference range in both groups of children. Serum transferrin levels were similar in all subjects; however, ferritin concentrations were significantly (p < 0.01) lower in vegetarians than in omnivores. In children on a vegetarian diet, median hepcidin levels were lower (p < 0.05) but sTfR concentrations significantly higher (p < 0.001) compared with omnivorous children. In the multivariate regression model, we observed associations between hepcidin level and ferritin concentration (β = 0.241, p = 0.05) in the whole group of children as well as between hepcidin concentration and CRP level (β = 0.419, p = 0.047) in vegetarians. We did not find significant associations with concentration of sTfR and selected biochemical, anthropometric, and dietary parameters in any of the studied groups of children. As hematologic parameters and iron concentrations in vegetarians and omnivores were comparable and ferritin level was lower in vegetarians, we suggest that inclusion of novel markers, in particular sTfR (not cofounded by inflammation) and hepcidin, can better detect subclinical iron deficiency in children following vegetarian diets.
Introduction
Iron deficiency in children has been associated with negative effects on cognitive and motor development and with behavioral problems [1] [2] [3] . Although a range of hematologic and biochemical iron status indicators have been described in the past, there is a consensus that no single blood test adequately reflects iron status in the body. The usual markers might not be able to adequately distinguish at subclinical levels; therefore, much attention was paid to the search of novel markers involved in the regulation of iron metabolism.
Hepcidin is a small cysteine-rich 25 amino acid antimicrobial peptide that plays a central role in iron homeostasis [4] [5] [6] . The hepatic cells are a major site of hepcidin production, but to some extent, hepcidin messenger RNA (mRNA) is also expressed in other tissues. Hepcidin negatively regulates iron availability by binding and degrading ferroportin, a transmembrane iron transporter necessary for iron transfer out of intestinal epithelial cells and macrophages [5, 7] . Low levels of hepcidin enable increased iron absorption from dietary sources and its mobilization from hepatocytes and macrophages, while elevated hepcidin levels inhibit this pathway. Production of hepcidin is induced by iron overload and inflammation. Gene expression of this hormone is downregulated by anemia, hypoxia, erythropoietic activity, and iron deficiency [5, 7, 8] .
Serum transferrin receptor (sTfR) is a soluble form of the membrane receptor derived from its proteolysis. Transferrin receptor expression on the cell surface and soluble transferrin receptor concentrations are negatively correlated with intracellular iron levels [6] . It seems that sTfR level is a better marker of iron status compared with other parameters, because its concentration is less affected by inflammation but could be affected by erythropoietic activity [9] . It appears that serum hepcidin and sTfR might provide more information than ferritin and hematologic parameters in assessing iron status.
Since the health benefits of vegetarian diets were reported, vegetarianism has been gaining popularity among families as a lifestyle choice [10] [11] [12] . In general, the vegetarian dietary pattern, if well balanced, can be adequate for adults and children [13] [14] [15] . However, certain components of these diets and some required nutrients (including iron) need specific attention in growing children and adolescents. A very small number of studies based on a small cohort of patients have been carried out on iron markers and hematologic status in vegetarian children [16] [17] [18] .
The aim of this study was to assess iron metabolism parameters paying special attention to serum hepcidin and soluble transferrin receptor concentrations in prepubertal children following a lacto-ovo vegetarian diet and traditional diet. Furthermore, we analyzed the association between levels of hepcidin as well as sTfR and other iron status markers.
Materials and Methods

Patients
The study was conducted according to the principles of the Declaration of Helsinki and was approved by the Ethics Committee of the Institute of Mother and Child. Written informed consent was obtained from all parents of the children before their participation in the study.
Eighty-nine prepubertal children (age range 4.5-9.0 years) were recruited between January 2015 and July 2016 from a group of consecutive patients seeking dietary counseling in the Department of Nutrition at the Institute of Mother and Child in Warsaw (Poland). Pubertal stage was assessed according to the Tanner criteria. All participants were Caucasian. None of the subjects had any serious health problems nor were receiving any medications. Children whose clinical characteristics could have affected iron metabolism, inflammation, altered liver function, or eating disorders were excluded. Also, children with gastrointestinal disorders such as lactose intolerance, celiac disease, irritable bowel syndrome, or constipation were excluded. At the Institute of Mother and Child, consultations with medical and nutritional specialists are available to children on a vegetarian as well as on a traditional mixed diet, whose parents want to make sure that their children are properly nourished. The study group consisted of 43 children on a lacto-ovo vegetarian diet, who did not consume meat, poultry, or fish, but ate eggs and dairy products. The parents of these children were vegetarians and the children were following a lacto-ovo vegetarian diet from birth. The omnivorous group included 46 healthy prepubertal children on a traditional mixed diet who had visited the Institute of Mother and Child for routine medical checkups and dietary consultation.
Methods
Assessment of Dietary Intake
Dietary constituent data were assessed by questionnaire and calculated using the nutritional computer program Dieta5® (National Food and Nutrition Institute, Warsaw). We assessed dietary intakes using Diet Record methods. Before medical consultation, the parents were asked to prepare a 10-day food diary for their children. They had been previously advised by the nutritionist on how to do it correctly. In the Department of Nutrition, the diary was checked by the nutritionist in the presence of child and parent. The nutritionist asked for detailed information about the foods and drinks recorded, such as portion sizes and preparation methods using photo album of products and dishes. When necessary, the food diary was corrected by the nutritionist during the visit. Out of the 10 days in the record, three consecutive days (two weekdays and one weekend day) were selected. These data were entered into a nutritional software program for analysis to evaluate average daily energy intake, the percentage of energy from protein, fat, and carbohydrates, and dietary iron and vitamin intakes in the children's diets. The obtained results were compared to the current recommendations for supplying essential nutrients for the Polish population; the age-and sex-specific dietary reference intake (DRI) percentage was calculated using reference values of daily energy intake for children according to Jarosz et al. [19] . Our studied children because of the age range (4.5-9.0 years) were among the two groups mentioned in the above recommendations (group 4-6 years and group 7-9 years). The data for each child was compared to the recommendations for appropriate age and gender.
Anthropometric Measurements
Anthropometric measurements such as height and weight were performed in all children. Height was measured with a stadiometer and recorded with a precision of 0.1 cm, and weight was assessed unclothed with a calibrated balance scale to the nearest 0.1 kg. Body mass index (BMI) was calculated as body weight (kg) divided by height squared (m 2 ).
Hematologic and Biochemical Analyses
Fasting peripheral blood samples (3 mL) were taken in the morning hours (8-10 a.m.) for all children. Blood in EDTAcontaining tubes was analyzed immediately for the determination of hemoglobin (Hb), red blood cells (RBC), and mean corpuscular volume (MCV) using a hematology analyzer (HORRIBA ABX, France). To obtain serum, the blood was centrifuged at 2500×g, at 4°C for 10 min, and stored in small portions at −25°C for subsequent biochemical analysis. Serum iron, ferritin, and transferrin concentrations as well as C-reactive protein (CRP) as an inflammatory marker were determined using commercially available kits on biochemical analyzer (ROCHE, Switzerland). Serum hepcidin (bioactive heptidin-25 molecule) and soluble transferrin receptor concentrations were measured using commercially available ELISA kits (DRG, Germany). According to the test principle, serum samples were incubated with monoclonal antihepcidin-25/anti-human sTfR antibody, then conjugated with proper enzyme complex, proper substrate solution, and finally the absorbance, which is proportional to the concentration of hepcidin-25/sTfR in the patient's serum sample, was measured. The detection limit was 0.153 ng/mL for hepcidin and 0.02 mg/L for sTfR. The intra-and inter-assay coefficients of variation (CVs) were less than 5.7 and 9.5% for hepcidin and 6.0 and 7.0% for sTfR, respectively.
Statistical Analyses
All statistical analyses were performed using SPSS statistical software version 17.1 (SPSS INC., Chicago, IL, USA). The normality of data was tested using the Kolmogorov-Smirnov test. The results were presented as means and standard deviation (SD) for normally distributed data or median and interquartile range (25th-75th percentiles) for non-normally distributed variables. In vegetarian and omnivorous children, the baseline characteristics were compared using Student's t test or the Mann-Whitney U test depending on the assumptions. The chi-squared test was used for comparing categorical variables. Univariate and multivariate regression models with hepcidin and sTfR concentrations as dependent variables were assessed to examine the potential impact of the clinical, anthropometric, dietary, hematological, and biochemical variables. Forced entry method was used to show relationships between iron status markers and hepcidin as well as sTfR. The results were presented as the value of β standardized regression coefficient, B unstandardized regression coefficient with 95% confidence interval (CI), and change in R-squared coefficient of determination after each variable was entered. The models were estimated separately for the whole group of children, as well as for vegetarian and omnivore subgroups. In multivariate models, analysis of collinearity was conducted with two standard statistics of tolerance and VIF (variance inflation factor). The differences were regarded as statistically significant at p < 0.05.
Results
Average daily energy and macronutrient intake were within recommended daily intake; however, the proportions of proteins and carbohydrates in vegetarian and omnivorous diets differed ( Table 1 ). The percentage of energy from protein was significantly lower (p < 0.05) and energy from carbohydrates higher (p < 0.01) in vegetarians than omnivores. The vegetarian diet had a similar intake of iron and vitamin B 12 and a significantly higher intake of vitamin C (p < 0.05) than the omnivorous diet. Analyzing the age-and sex-specific DRI percentage in the vegetarian group, 91.4% of children realized dietary age-and sex-specific dietary reference intake for energy, with 97.7% protein, 90.7% fat, and 99.6% carbohydrates.
Clinical, anthropometric, hematologic, and biochemical variables of the studied children are presented in Table 2 . There were no significant differences according to age, weight, height, or BMI between vegetarian and omnivorous children. The median level of CRP (marker of inflammation) was lower in vegetarian children than omnivores, but CRP values were within the normal range in all individuals. There were no signs of anemia in the studied children, who presented normal hemoglobin, RBC, and MCV, except for 1 vegetarian and 1 control subject who had hemoglobin below 11.5 g/ mL. About 9% of children (4 vegetarians and 4 omnivores) had decreased MCV (<80 fL); however, these values were in the lower range limit of the norm (78-79 f/L). Red blood cells were within the reference range in all subjects. There was no significant difference in the mean value of serum iron between vegetarians and omnivores. Despite this, 11 (25.6%) vegetarians and 7 (15.2%) omnivores had decreased iron concentration. Serum transferrin levels were similar in both groups of children; however, ferritin concentrations were significantly (p < 0.01) lower in vegetarians. Among them, 10 (23.3%) vegetarians and 2 (4.6%) omnivores had ferritin below 15 ng/mL. In children on a vegetarian diet, median hepcidin levels were significantly lower (about twofold, p < 0.05) but sTfR concentration significantly higher (p < 0.001) compared with omnivorous children.
In univariate regression analyses defined for the whole group of children, we found that serum hepcidin level was associated with ferritin (B = 0.179, p = 0.025) and CRP (B = 2.766, p = 0.012) concentrations (Table 3 ). In the model estimated separately for vegetarians, we showed relations between concentrations of hepcidin and CRP (B = 5.866, p = 0.001) and between hepcidin levels and dietary iron (B = 1.539, p = 0.045) and protein (B = 0.267, p = 0.021) intakes. However, we did not observe correlations between hepcidin concentration and iron status markers, anthropometric parameters, as well as dietary variables in omnivores. As shown in Table 4 , significant predictor of sTfR level was ferritin (B = −0.004, p = 0.041) in the whole group of children and hemoglobin and RBC (B = 0.589, p = 0.044; B = 0.340, p = 0.012, respectively) in omnivorous group. We did not find such correlations in vegetarians.
In the multivariate regression model, we observed associations between hepcidin and ferritin concentrations (β = 0.241, p = 0.05) in the whole group of children, between hepcidin and CRP levels (β = 0.419, p = 0.047) in vegetarians, but we did not find such correlations in omnivores (Table 5) . Rsquared (expressed as percentage of a variation that can be explained by a linear regression model) was 22.6% for the whole group of children, 18.4% for the group of omnivorous children, and 45.0% for vegetarian children. Effect of [19] collinearity that could affect the results was not observed. Multivariate regression analysis did not confirm the impact of selected biochemical, anthropometric, and dietary parameters on the level of sTfR in any of the studied groups of children.
Discussion
The statements of the American Dietetic Association and Dietitians of Canada, as well as the results of several clinical studies, consider that a well-planned vegetarian diet is Table 3 Univariate regression analyses of hepcidin with clinical and nutritional data and iron status parameters in the whole group of studied children (n = 89) and in the subgroups of vegetarian children (n = 43) and omnivorous children (n = 46) Table 4 Univariate regression analyses of sTfR with clinical and nutritional data and iron status parameters in the whole group of studied children (n = 89) and in the subgroups of vegetarian children (n = 43) and omnivorous children (n = 46) All children Vegetarian children Omnivorous children adequate for all stages of the life cycle, including childhood [20] [21] [22] . However, this kind of diet should be under medical and dietetic control in young children, who have high physiologic requirements for iron to support their rapid growth and brain development. The data from industrialized countries showed that for children on vegetarian diets, iron intakes are similar or even higher than those of omnivores [16, 21, 23, 24] . Similarly, in our study, vegetarian and omnivorous diets had comparable iron intakes. In vegetarian diets, the bioavailability of iron is poor because of nonheme iron from plant foods. Additionally, vegetarian diets contain high amounts of iron absorption inhibitors (polyphenols and phytate), which form insoluble complexes and cannot be digested or absorbed [25, 26] . This low bioavailability of iron from plant sources tends to increase the recommended iron intake in subjects following a vegetarian diet. Some authors suggest that vegetarians need to increase dietary iron by 80% to achieve normal serum iron and ferritin concentrations [27] . By contrast, the high consumption of fruit and vegetables by vegetarians results in higher dietary intake of vitamin C, which acts by reducing Fe 3+ to the more soluble Fe 2+ and improving dietary iron bioavailability. The vegetarians in our study had higher (by about 30%) intake of vitamin C in their diets than omnivores and this can partly counteract the inhibitory effects of high intakes of phytates or polyphenols on nonheme iron absorption. Generally, our group of vegetarian children was under nutritionist and medical care and followed balanced lactoovo vegetarian diet.
A range of hematologic and biochemical indicators can be used to assess iron status and to detect iron deficiency [1, 26] . In both our groups of children, the values of hemoglobin, MCV, and red blood cells were comparable. Among biochemical parameters, we observed similar mean values of serum transferrin and iron in both groups of children. Despite a normal mean value of serum iron, about 25% of vegetarians and 15% of omnivores had iron levels lower than 11 μmol/L. Serum ferritin concentrations were significantly decreased in vegetarians than omnivores, with a higher percentage of insufficiency in vegetarian group (25 vs. 5%, respectively). According to several studies, adults as well as children following vegetarian diets often have lower serum ferritin levels than omnivores, which is indicative of reduced iron stores, despite comparable iron intakes [16, 18, 23] . Similar to other authors, we did not observe differences in hematologic parameters between children on omnivorous and vegetarian diets.
To date, serum hepcidin has been mainly investigated in adult populations. The authors found that serum hepcidin levels in men remained constant over age and were higher than in premenopausal women. However, in postmenopausal women, the concentration of hepcidin increased [28] . In healthy pregnant women, concentrations of this hormone decreased gradually in the course of pregnancy to maximize iron absorption and availability, thus enhancing transfer to the fetus [8, 29] . There was no correlation between hepcidin in mothers and children, which may suggest that neonatal hepcidin is probably regulated independently of maternal hepcidin concentrations [30, 31] .
There were two studies presenting hepcidin levels in healthy children [2, 3] . Weiler et al. [2] measured serum hepcidin concentrations in a multiethnic large group of preschool-age healthy children in Canada and found that hepcidin did not vary with any demographic variable. Our Table 5 Multivariate regression of hepcidin and sTfR with iron status markers, inflammation marker and some dietary parameters in the whole group (n = 89, adjusted for age, sex, BMI, dietary status) of studied children and vegetarian (n = 43, adjusted for age, sex, BMI) and omnivore (n = 46) subgroups (adjusted for age, sex, BMI)
Hepcidin sTfR RBC red blood cells, MCV mean corpuscular volume, sTfR soluble transferrin receptor, CRP C-reactive protein results were similar to Choi et al. [3] , who determined the same bioactive form of hepcidin-25 in prepubertal children. We observed significantly lower hepcidin and higher sTfR concentrations in vegetarian children compared with peers on omnivorous diet. Comparable to others [3, 28] , we found that serum hepcidin level was positively associated with ferritin and CRP concentrations in the whole group of children. Despite a correlation between hepcidin and CRP, there were no signs of inflammation in all the studied subjects, as CRP values were low. We did not observe correlations between hepcidin concentration and iron status markers, anthropometric parameters, and dietary variables in omnivores; however, in vegetarians, we showed significant relations between hepcidin concentration and dietary iron and protein intakes. We also found a negative correlation between sTfR and ferritin in the whole group of children and positive correlation between sTfR and hemoglobin as well as red blood cells in omnivorous children.
All children
In the multivariable regression model, we confirmed the relationship between hepcidin and ferritin, but there was no association between sTfR and anthropometric, dietary and biochemical variables. Increased erythropoiesis in vegetarian children manifested by elevated sTfR concentration coexisting with decreased hepcidin levels might result from a subclinical iron deficiency in these children. The lower than sufficient ferritin levels observed in about 25% of our vegetarian subjects seem to confirm this hypothesis.
The presented work is the first study assessing serum hepcidin and soluble transferrin receptor levels in children on a vegetarian diet. Thus far, these parameters have been measured in children with diseases such as iron deficiency anemia, anorexia nervosa, and obesity. In children with iron deficiency and iron deficiency anemia, lower serum hepcidin and ferritin but higher sTfR were observed [2, 3] . In adolescents with anorexia nervosa, Pappilard-Marechal et al. [32] observed significantly higher serum ferritin and hepcidin levels than in healthy subjects. They found a highly significant correlation between ferritin and hepcidin concentrations and suggested that starvation in anorectic patients might stimulate ferritin and hepcidin gene expression. This hypothesis is also supported by the observation that serum ferritin and hepcidin levels return to normal after partial nutritional intervention.
Recently, hepcidin gene and protein expression were described in adipose tissue, with expression being higher in obese compared with lean subjects [33] [34] [35] [36] [37] . Aeberli et al. [34] and Hamza et al. [36] observed elevated levels of ferritin, hepcidin, and sTfR in obese children compared with normal weight peers, despite similar dietary iron intake. Additionally, weight loss in obese children is associated with decrease hepcidin levels and a significant improvement in iron absorption. Amato et al. [35] observed a direct correlation between hepcidin and leptin levels in children after weight loss therapy. The researchers suggested that in overweight children, iron availability is reduced for erythropoiesis and this is not due to low dietary iron but rather hepcidin-mediated reduced iron absorption and/or increased iron sequestration. However, hepcidin expression is modulated not only by body iron stores but also by hypoxia and inflammation. In addition, hepcidin is not only expressed in the liver but also in adipose tissue. Hence, leptin has been shown to stimulate hepcidin mRNA synthesis [33] . We previously reported a decrease in fat proportion and lower level of serum leptin in vegetarian children [38] . Our present results documented lower concentrations of hepcidin in children on a lacto-ovo vegetarian diet. It is possible that there may be an association between serum hepcidin and leptin levels.
Hepcidin is a relatively new marker for the assessment of iron status and there is still lack of therapeutic reference ranges. We observed, in multivariable analysis, positive correlation between ferritin (usual marker) and hepcidin (novel marker). Choi et al. [3] suggested that serum hepcidin concentration <6.895 ng/mL had sensitivity of 79.2% and specificity of 82.8% for diagnosing iron deficiency, and hepcidin <2.735 ng/mL had sensitivity of 88.1% and specificity of 88.2% for diagnosing iron deficiency anemia. Taking into consideration these criteria, concentration of hepcidin was below 6.894 ng/mL in 22 (51.2%) in our vegetarian children and in 8 (17.4%) omnivorous children. Compared with ferritin, which was lower in 23.3% of vegetarians and in 4.6% of omnivores, we suggested that hepcidin can be useful in detection of early stage of iron deficiency. Our results and results of other researchers will contribute to determining the cutoffs for hepcidin as an indicator in early stage of iron deficiency. sTfR is a biochemical parameter that is not cofounded by inflammation. Its levels are decreased in situations characterized by diminished erythropoietic activity and increased when erythropoiesis is stimulated by hemolysis or ineffective erythropoiesis. Elevated sTfR levels are also the characteristic feature of functional iron deficiency, a situation defined by tissue iron deficiency despite adequate iron stores. Some authors suggested that sTfR used in conjunction with ferritin (sTfR/ferritin index) may be better indicator than sTfR alone [39, 40] . In our study, serum concentrations of sTfR as well as the sTfR/ferritin index (0.063 vs. 0.04) were significantly higher (p < 0.001 and p < 0.05, respectively) in vegetarian than in omnivores. Therefore, we suggest that hepcidin as well as transferrin receptor might be useful in the assessment of iron metabolism in children (especially vegetarians), in order to prevent subclinical iron deficiency.
Our study had a few potential limitations. First, our sample size was relatively small, which lacks sufficient power to detect moderate associations with statistical significance. However, the whole group of investigated children was ethnically homogenous comparable in age and sex. Additionally, all vegetarians were following a lacto-ovo vegetarian diet. Second, we determined only CRP level, but did not measure other inflammatory markers, such as IL-6 (a particularly prominent inducer of hepcidin); however, all children were healthy with no signs of inflammation.
In conclusion, as hematologic parameters and iron concentrations in vegetarians and omnivores were comparable and ferritin level was lower in vegetarians, we suggest that inclusion of novel markers, in particular hepcidin and sTfR (not cofounded by inflammation), can better detect subclinical iron deficiency in children following vegetarian diets.
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